SR meiotic drive is a selfish genetic element located on the X chromosome in a number of 24 species that causes dysfunction of Y-bearing sperm. SR is transmitted to up to 100% of 25 offspring, causing extreme sex ratio bias. SR in several species is found in a stable 26 polymorphism at a moderate frequency, suggesting there must be strong frequency-27 dependent selection resisting its spread. We investigate the effect of SR on female and male 28 egg-to-adult viability in the Malaysian stalk-eyed fly, Teleopsis dalmanni. SR meiotic drive in 29 this species is old, and appears to be broadly stable at a moderate (~20%) frequency. We 30 use large-scale controlled crosses to estimate the strength of selection acting against SR in 31 female and male carriers. We find that SR reduces the egg-to-adult viability of both sexes. In 32 females, homozygous females experience greater reduction in viability (sf = 0.242) and the 33 deleterious effects of SR are additive (ℎ = 0.511). The male deficit in viability (sm = 0.214) is 34 not different from that in homozygous females. The evidence does not support the 35 expectation that deleterious side-effects of SR are recessive or sex-limited. We discuss how 36 these reductions in egg-to-adult survival, as well as other forms of selection acting on SR, 37 act to maintain SR polymorphism in this species. 38 157
Introduction 39
Meiotic drivers are selfish genetic elements that subvert the standard mechanisms of 40 gametogenesis to promote their own transmission (Lindholm et al. 2016) . During meiosis, a 41 driver disables or prevents the maturation of gametes that contain the non-driving element 42 (Burt and Trivers 2006; Lindholm et al. 2016 ). In extreme cases, drive can reach 100% 43 transmission to the next generation. In male heterogametic species, drivers are most 44 frequently found on the X-chromosome (Hurst and Pomiankowski 1991) , commonly known 45 as 'Sex-Ratio' or SR (Hurst & Werren 2001) . These drivers target developing sperm carrying 46 the Y chromosome, causing their dysfunction, which results in strongly female biased 47 broods. 48 49 SR is predicted to spread rapidly due to its transmission advantage. When homozygous 50 female fitness is not greatly reduced, SR could potentially spread to fixation and cause 51 population collapse and extinction through massive sex ratio imbalance (Hamilton 1967 , 52 Hatcher et al. 1999 ). Empirical evidence for this is limited to laboratory environments where 53 drive causes extinction in small populations (Lyttle 1977 persistence that can span over a million years (Silver 1993; Kovacevic & Schaeffer 2000; 58 Paczolt et al. 2017 ). In order for SR to persist as a polymorphism, there must be frequency-59 dependent selection, allowing spread when rare but retarding further increases in 60 frequency as drive becomes more common. The selective counter forces that fulfil this 61 4 requirement may act in males or females but in general they are not well understood. We 62 discuss potential causes of selection first in males and then females in the following 63 sections. 64 65 Selection on male viability may be associated with the drive chromosome. It is likely to 66 operate in a frequency-independent manner and so not have a stabilizing effect on the 67 frequency of drive (Edwards 1961; Carvalho and Vaz 1999) . But it has been suggested that 68 there will be negative frequency-dependent selection on male fertility (Jaenike 1996) . This 69 has intuitive appeal because the spread of SR causes the population sex ratio to become 70 increasingly female biased. In such a population, the average male mating rate will increase. 71
If SR male fertility increases at a lower rate than non-drive (ST) male fertility when males 72 mate multiply (for instance because SR males are sperm limited), then a polymorphism 73 could be stabilised (Jaenike 1996) . Decreased male fertility under multiple mating is a 74 general feature observed in many drive systems (Beckenbach, 1978; Jaenike, 1996; Atlan et 75 al. 2004 ). However, for this effect alone to prevent SR fixation, SR male fertility must fall to 76 less than half that of ST males as the mating rate increases (Jaenike 1996), a condition not 77 met in a number of species that nonetheless are found with stable SR polymorphism 78 (Carvalho and Vaz 1999) . A related suggestion is that SR males may be out-competed at 79 higher mating rates, motivated by some evidence that SR males are poor sperm competitors 80 (Wu 1983a ; Wilkinson and Fry 2001; . However, the strength of 81 sperm competition weakens as SR spreads, as this reduces the number of competitor males 82 in the population, which seems unlikely to exert a stabilizing effect on SR frequency. SR 83 males may do poorly in other forms of male-male competition if SR is generally associated 84 with poor performance. Such effects are likely to decrease as drive spreads and males 85 5 become rare, again making it unlikely that this form of selection will stabilize drive. Models 86 that combine the effects of decreased male fertility and reduced sperm competitive ability 87 on SR frequency dynamics find they can lead to a stable polymorphism (Taylor and Jaenike 88 2002) . But this equilibrium can be destabilised by perturbations in either the population sex 89 ratio or the frequency of SR. In particular, given a meta-population of small demes, slight 90 fluctuations in SR frequency are likely to cause drive to spread to fixation, resulting in 91 population extinction (Taylor and Jaenike 2003) . 92
93
Suppressors are another selective force operating in males that limits the spread of drive 94 alleles. Most obviously, selection favours the evolution of suppression on chromosomes 95 targeted by drivers for dysfunction. In an SR system with complete drive, if resistance is 96 linked to the Y-chromosome, it restores transmission to Mendelian levels, while non-97 resistant Y-chromosomes are not transmitted at all (Thomson and Feldman 1975) . Y-linked 98 suppressors are therefore expected to spread quickly even if they have deleterious side 99 effects (Wu 1983b) . Unlinked suppressors will also be favoured because drive in males 100 causes gamete loss and is often associated with dysfunction amongst the surviving, drive-101 carrying sperm. Reduced sperm number is likely to reduce organismal fertility. Additionally, 102 as SR spreads it causes the population sex ratio to become female-biased, providing a 103 further advantage to suppressors as they increase the production of male offspring, which 104 have higher reproductive value than female offspring (Fisher 1930; Carvalho et al. 1998) . 105
The spread of suppressors reduces the advantage of drive and could lead to its loss. But 106 both types of suppressors are under negative frequency-dependent selection, because a 107 lower frequency of drive reduces selection in their favour. Under some circumstances this 108 could lead to a stable polymorphism at the drive locus. Y-linked and autosomal suppressors 109 6 of SR drive have been detected in a number of species including D. simulans, D.affinis, D. 110 subobscura, D. quinara, D. mediopunctata and Aedes aegypti (Jaenike 2001). The evolution 111 of suppressors can be remarkably rapid. For example, in the Paris SR system of D. simulans, 112 the increase of SR from less than 10% to more than 60% in a mere five years has been 113 matched by a similar increase in suppressor frequency over the same time period ( examples of meiotic drive in female gametogenesis, which affect the biased segregation of 122 chromosomes into the egg or polar bodies, show no carry-over to segregation bias in male 123 gamete production (Burt and Trivers 2006) . For selection to act against female carriers, the 124 drive locus must either have direct pleiotropic fitness effects or be in linkage with alleles 125 that impact fitness. Linkage is a plausible explanatory factor given that drive systems are 126 often located in genomic regions with low recombination rates, such as in inversions 127 (Beckenbach 1996; Silver 1993; Dyer et al. 2007; Reinhardt et al. 2014 ). If the inversion is at 128 low frequency, it will rarely be homozygous and the recombination rate among SR 129 chromosomes will be low. Inversions also severely limit the exchange of genes with the 130 homologous region on the standard chromosome (as this requires a double cross-over 131 within the inverted region; Navarro et al. 1997; . The consequence is that low 132 frequency inversions will be subject to weak selection and suffer the accumulation of a 133 7 greater mutation load (Dyer et al. 2007; Kirkpatrick 2010) . Recessive viability and sterility 134 effects are expected as they will not be evident in females until the frequency of drive is 135 sufficient for the production of homozygotes. In contrast, hemizygosity in males means 136 recessive and dominant effects are always expressed. This means that female-limited fitness 137 effects are more likely to produce relevant frequency dependence that restricts fixation of However, this form of selection against drive is likely to be restricted to a sub-set of species 176 with drive, as it requires the linkage of SR with a conspicuous trait subject to mate choice 177 (Pomiankowski and Hurst 1999) . Another potential example is the autosomal t-locus system 178 in mice which is proposed to be detectable in mate choice through olfaction (Coopersmith 179 and Lenington 1990) but this preference has not been confirmed (Sutter and Lindholm 180 9 2016). A counter example is in D. pseudoobscura, where females do not avoid mating with 181 SR males, though there would be considerable benefit to doing so (Price et al. 2012) . 182
183
In this study, we determine the effect of SR meiotic drive on viability in the Malaysian stalk-184 eyed fly, Teleopsis dalmanni. Our objective was to assess whether there is a SR-linked 185 deleterious mutation load leading to higher developmental mortality before adult eclosion. 
Experimental crosses 253
To generate the five possible genotypes of both females (X ST /X ST , X SR /X ST , X SR /X SR ) and males 254 (X ST /Y, X SR /Y), two crosses were performed (Figure 1) . In Cross A, drive males (X SR /Y) are 255 mated to heterozygous females (X SR /X). This cross produces X SR /X SR and X SR /X ST female 256 zygotes in equal proportions. In Cross B, standard males (X ST /Y) are mated to heterozygous 257 females (X SR /X ST ). This cross produces X ST /Y and X SR /Y male, and X ST /X ST and X SR /X female 258 zygotes in equal proportions. Experimental males were collected from the drive stock that 259 were approximately 50:50 X ST /Y and X SR /Y males. They were crossed to standard stock 260 females (X ST /X ST ) and one larva per male was genotyped to define the paternal genotype. 261
Experimental females heterozygous for drive (X SR /X ST ) were collected from crosses between 262 drive males and females from the standard stock. genotypes (X ST /X ST , X SR /X ST , X SR /X SR , X ST /Y, X SR /Y) in an expected 1:2:1:1:1 ratio (Table 1) In the second analysis, we estimated the strength of selection against drive using Bayesian 331 inference, separately for males and females. Cage survival frequencies for each genotype 332 were pooled. The probability of drawing the male genotype distribution was calculated for 333 values of the selection coefficient taken from a uniform prior distribution for sm = 0 -1, in 334 0.001 increments. We then used a binomial model to determine the likelihood of drawing 335 the observed number of X ST /Y and X SR /Y males for each value of sm. As we used a uniform 336 prior, the posterior probability simplifies to the likelihood. The 95% and 99% credible 337 intervals were determined from the probability density. The probability of observing the 338 distribution of the three female genotypes was estimated under a multinomial where the 339 values of sf and h (Table 1) were taken from a uniform prior distribution for every 340 combination of values of sf and ℎ ranging from 0 -1, in 0.001 intervals. The 95% and 99% 341 credible intervals were determined in the same way as in males, and displayed as a two-342 dimensional contour. Note that the probability of drawing X SR /X ST females was multiplied by 343 two because the experimental design was expected ti generate twice as many heterozygote 344 eggs compared to all of the other genotypes. To determine if sm and sf were of different 345 strength, 1000 random samples each of sm and sf (taking ℎ equal to its mode) were drawn 346 from the posterior distributions with probability of drawing a value equal to its likelihood. A 347 16 distribution of differences was obtained by subtracting the randomly drawn sf values from 348 the randomly drawn sm values. A z-score was calculated to determine if this distribution is 349 different from zero. 350
351
We also estimated the difference in the strength of selection between female genotypes. To 352 compare egg-to-adult viability between wildtype (X ST /X ST ) and heterozygous (X SR /X ST ) 353 females, the likelihood of observing the counts of these two genotypes was determined 354 under a binomial as above, but shrinking h and sf to a single term with a uniform prior. The 355 process was repeated to compare drive heterozygotes (X SR /X ST ) and homozygotes (X SR /X SR ). 356
357

Results
358
Effect of food condition 359
Food condition had no overall effect on the egg-to-adult viability of males (F2,72 = 0.1085, P = 360 0.8973) or females (F2,54 = 0.1552, P = 0.9355), nor did it alter the genotype response 361 (genotype-by-condition interaction, males F2,79 = 0.8026, P = 0.4518; females F4,116 = 0.2044, 362 P = 0.9355). So, offspring counts were pooled across food conditions within sexes in the 363 following analyses. 364 365
Egg-to-adult viability of each genotype 366
We collected a total of 1065 males and 2500 females, of which 798 and 1272 were 367 genotyped respectively. Male genotype had a significant effect on egg-to-adult viability, 368 with X SR /Y males showing significantly reduced viability (F1,81 = 11.7296, P < 0.001). X ST /Y 369 males had a mean viability of 0.5412, and X SR /Y males had a mean viability of 0.4036 (Figure  370 2). Genotype also had a significant effect on egg-to-adult viability in females (F2,120 = 4.7593, 371 P = 0.0103). Mean viability was 0.6338 in X ST /X ST females, 0.5537 in X SR /X ST females, and 372 0.4695 in X SR /X SR individuals. A Tukey's post-hoc comparison test revealed that the viability 373 of X ST /X ST females is greater than X SR /X SR females (P = 0.0109), while X SR /X ST females have 374 intermediate viability, but not different from either homozygote (X SR /X ST -X SR /X SR 375 comparison: P = 0.2949; X SR /X ST -X ST /X ST comparison: P = 0.3293; Figure 3) . In the experiment, individual males of known genotype, either SR or ST, were crossed with 419 heterozygous females. Eggs were collected and combined in groups of 6 petri dishes each 420 containing 12 eggs. The eggs were visually inspected for signs of development, so as to be 421 able to exclude the possibility that differential fertility of the two paternal genotypes (i.e. SR 422 or ST) affected the subsequent output of adult flies. The combination of eggs from the two 423 crosses were expected to generate all five genotypes in an even ratio, except for 424 heterozygous females which were expected at double the number of the other genotypes. 425
The objective was to standardise competition between genotypes. It is hard to estimate 426 whether this objective was attained, as only surviving adults were genotyped. The observed 427 adult genotype frequencies were compared to infer genotype-specific survival in the egg-to- have been applied previously in D. pseudoobscura (Wallace, 1948; Curtsinger and Feldman, 440 1980; Beckenbach, 1983 ). Wallace (1948) observed strong selection against X SR in both 441 sexes. In high density populations, Beckenbach (1983) found a reduction in X SR /Y viability 442 20 but no viability effect on homozygous X SR female viability. In contrast, Curtsinger and 443 Feldman (1980) report stronger selection against homozygous X SR females. Comparisons of 444 these three studies provides strong evidence to suggest that viability selection is density-445 dependent, as reduction in X SR viability was greatest under high density (Wallace 1948) , and 446 a lack of differential viability was observed in another experiment carried out at low density 447 (Beckenbach 1983 ). In the present study, stalk-eyed fly larvae were cultured under low 448 density and provided with an excess of food. Future work will need to determine whether 449 varying levels of food stress enhance or restrict the deleterious effect of the X SR work on the stalk-eyed fly drive system suggested that there were suppressors (Wilkinson et 459 al. 1998 ), this has not been sustained by further work, either on the autosomes or Y 460 chromosomes (Paczolt et al. 2017 ). Second, polyandry may evolve to limit the spread of SR 461 . Polyandry is the norm in T. dalmanni (Baker et al. 2001; Wilkinson et al. 462 2003) , and there is evidence that SR male sperm does less well under sperm competition 463 (Wilkinson et al. 2006 ) and may suffer from interactions with non-sperm ejaculate 464 components produced by standard males (though this has only been shown in the related 465 species T. whitei, Wilkinson and Fry 2001) . But it has not been shown whether elevated 466 21 polyandry occurs in populations of T. dalmanni with higher frequencies of SR or in stalk-467 eyed fly species that harbour drive (compared to those that lack drive). 468 469 Third, it has long been suggested that mate choice may play a role in determining the 470 frequency of drive (Coopersmith and Lenington, 1990 
